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Fluorescence in situ hybridization (FISH)

DNA in situ  hybridization  is a technique  that allows  the visualization  of defined  sequences

of nucleic  acids  at the cellular  and subcellular  level.  The method  is based on the site specific

annealing  (hybridization)  of single-stranded  DNA molecules  (probes)  to denatured,

complementary  sequences  (targets)  on cytological  preparations, iike  metaphase

chromosomes or interphase  nuclei.  After fluorescence  detection  steps,  the probe  sequences

become visible  at the site of hybridization.

FISH is a multistep  procedure.  Specific  protocols  for each  of the steps are provided

in Part II. The  single  steps are, simplified,  summarized as follows.

1. Preparation of DNA probes

2. Labeling  of DNA probes

3. Preparation  of cytological  specimens

4. Denaturation  of probe  and specimen

5. In situ hybridization

6. Fluorescence  probe  detection

7. Fluorescence  microscopy

1. DNA preparation  usually follows standard  procedures. Modifications  are described  in

detail  in Part II. ’

2. The labeling  of DNA or RNA probes  for FISH is generally  performed enzymatically.

Even though chemical  procedures  are available,  the enzymatic  protocols  using Nick-

translation, random priming, PCR or tailing  with  terminal  transferase proved to be the

simplest  and most reliable  labeling  protocols. During  the labeling  reaction  modified

nucleotide  analogs  are incorporated.  They  are linked  to haptens, e.g., biotin,  digoxigenin,

or Dinitrophenol.  Recently,  nucleotide  analogs  became  available,  that are directly

conjugated  to fluorochromes  (Wiegant  et al., 199 l), such  as FITC-dUTP or TRITC-

dUTP.

3. The  preparation  of metaphase  or prophase  chromosomes  for in situ hybridization

follows standard  cytogenetic  protocols  (Verma  and Babu, 1989). FISH can be easily

combined  with  chromosome  banding  protocols  (Arnold  et al., 1992). Interphase nuclei,

e.g., amniotic  fluid cells,  fibroblasts, or nuclei  in tissue  sections  need  various pretreatment

steps  in order to increase  probe  accessibility  and to reduce  fluorescence  background

staining.



4. The  probe molecules  and the target DNA are denatured  thermally.  Formamide  is added

to reduce  the melting  temperature  of the double  stranded  DNA. If complex  DNA probes are

used,  an additional  preannealing  step  with  an excess  of unlabeled  total  genomic  DNA or the

Cotl-fraction  of human  DNA prior to the hybridization  is required,  leading  to the term

chromosomal in situ suppression  (CISS)  hybridization (Cremer et al., 1988).

5. The hybridization  reaction  is usually  carried  out at 37°C for about  16 hours. Shorter

hybridization  times  (minutes  to hours)  are sufficient  for probes  that detect  repetitive

sequence  motifs. Certain  probes  require  increased  hybridization  temperatures  in order to

exclusively  label their  target  region. If entire  genomes  are hybridized,  e.g. using

comparative genomic  hybridization  (CGH),  prolonged  hybridization  times  are necessary.

6. The  detection  reaction  is performed indirectly  with  fluorochromes  linked  to avidin  or

antibodies  against  the reporter  molecules.  If probes  are used that are conjugated  with

fluorochromes,  detection  steps  are not required.  Numerous fluorochromes  are available

including  fluorochromes  emitting  in the blue (AMCA,  Cascade  blue),  in the green  (FITC),

and in the red (TRITC,  Texas red, rhodamine,  Cy3). More  recently,  fluorochromes  which

emit in the infrared,  such as Ultralite  680 or Cy5, became  commercially  available.

7. Probe signals  are visualized  by epifluorescence  microscopy.  New generations  of specific

filter sets allow  to precisely  separate  the fluorochromes  (Ploem  and Tanke, 1987;  Marcus,

1988). A convenient  development,  in particular  with  respect  to the needs  of routine

diagnostic  laboratories  provide  double  or triple  band  pass filters  (Johnson et al., 1991).

They  are used to simultaneously  visualize  several  fluorochromes. Digital  imaging  devices

with  a high  photon  detection  efficiency  and a high  dynamic  range, like  silicon  intensified

tube cameras  or charge  coupled  device  (CCD) cameras  add significantly  to the sensitivity

and provide the basis to quantify fluorescence  images  (Hiraoka et al., 1987).  CCD cameras

are also sensitive  over a broad spectral  range, thus fluorochromes  emitting  in the infrared

spectrum can be included  as fluorescence  detection  systems. Confocal  laser scanning

microscopy is preferred if light  optical  sectioning  of three  dimensional  specimens, like

interphase nuclei,  is desired  (Cremer and Cremer,  1978).

Complementing  each  other,  these  developments  have  contributed  to the tremendous

improvements  of FISH over the last few years with  respect  to sensitivity, resolution, and

multiplicity.  DNA or cDNA probes  as small as 500 bp can be visualized  on metaphase

chromosomes. This  equals  the sensitivity  of isotopic  detection  formats. The spatial

resolution  of fluorescence  signals  is higher  than the one  involving  radioisotopes  and is, on

metaphase  chromosomes in the range  of some  5 Mbp. However, the less  condensed

interphase  chromatin  increases  the resolution  to approximately  100 kbp (Lawrence  et al.,
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1990;  Trask et al., 1991). Recently,  several  techniques  for extended  chromatin  preparations

have improved the  resolution  power  dramatically  (Heng  et al., 1992; Wiegant  et al., 1992;

Parra and Windle, 1993).  Using histone  depleted  interphase  nuclei  (Halo-preparations), the

spatial  resolution  is in the range  of 5 kbp (Tocharoentanaphol  et al., 1994). The

improvements  of sensitivity  and spatial resolution  have  had considerable  impact  on gene

mapping and studies  dealing  with  the 3D organization  of chromatin  in interphase  nuclei.

The possibility  of visualizing  several  chromosomal  targets  simultaneously  has

broadened  the spectrum  of diagnostic  and research  applications  of FISH and has become

one of the most  attractive features  of FISH analysis. The  number  of suitable  labeling  and

detection  formats still  limits  the multiplicity  of FISH. To overcome  these  limitations,

approaches  using  combinatorial  or ratio labeling  of single  probes  have  been  devised. They

increase  the number of target  regions  that  can be discerned  by means  of their  respective

color  after a single  hybridization  experiment  beyond  the number  of available  fluorochromes

(Nederlof et al., 1990; Ried  et al., 1992a,b; Dauwerse  et al., 1992; Wiegant  et al., 1993;

Lengauer et al., 1993).  For example,  with  three  labeling  and detection  systems, a total of

seven  probes can be distinguished.  Probes  1, 2, and 3 would be visualized  as a pure

fluorochrome, while  probes  4-7 would  appear as fluorochrome  mixtures  as follows: probe

4, FITC and TRITC;  probe  5, FITC and AMCA; probe  6, TRITC  and AMCA, and probe

7, FITC, TRITC, and AMCA.  Using digital  image  analysis  fluorochromes  emitting  in the

infrared can be included.  Thus,  DAPI might  be used to counterstain  the chromosomes

which gives  additional  information.  The  possibility  to use digital  imaging  devices  for an

accurate  quantification  of FISH signals  also forms the basis for the newly introduced

technique  of comparative  genomic  hybridization  (CGH).

An equally  important  improvement  for the application  of FISH in medical  diagnosis

is the availability  of different  probe  sets. This increases  the flexibility  to design

experimental  protocols  to specifically  address  the diagnostic  requirements.  One of the first

probes  used for FISH analysis comprised  cloned  DNA fragments that contained  consensus

sequences  for the repeat  units  of centromeric  or paracentromeric  heterochromatin  of specific

chromosomes.  Using appropriate  stringency  conditions  the centromeric  region  of almost

every human chromosome  can be visualized  specifically  (Willard  and Waye, 1987;  Vogt,

1990). The limitations  of these  probes, however, are obvious.  Since  all chromosome

specific  repetitive  DNA reported  to date is localized  to discrete  subregions  of each

chromosome,  this class of DNA probes  is unsuitable  for the analysis  of many types of

chromosomal aberrations, e.g. translocations  and deletions  involving  chromosomal  arms.

Their  use is, therefore, with  few exceptions  restricted  to the assessment of numerical

aberrations.
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These  limitations  were  overcome  with  the advent  of composite  probe  sets specific

for entire  chromosomes, also termed  chromosome  painting  probes (Pinkel  et al., 1988;

Cremer et al., 1988; Lichter  et al., 1988).  Based on the enrichment  of individual

chromosomes by means  of flow cytometry,  fragments  of isolated  chromosomes were

cloned  in phage and plasmid  vectors  (Collins  et al., 199 1). Since  genomic  DNA clones  do

not  only contain  chromosome  specific  single  copy sequences,  but also highly repetitive

elements of the SINE and LINE families  (for review see, e.g., Vogt,  1990), the successful

delineation  of individual  chromosomes  depends  on the use of suppression hybridization

protocols  (Cremer  et al., 1988). An excess  of unlabeled  DNA derived  from the Cot  l-

fraction of human  DNA is used  to block  the cross hybridization  of ubiquitously  distributed

repetitive  DNA fragments.

The rapid  progress of DNA cloning  technology  and the success  of the Human

Genome Project  made  an increasing  number  of region  or gene  specific  DNA clones

available  that can be used  to pinpoint  specifically  the variety  of chromosomal  aberrations

involved  in human genetic  diseases. In complementation  to these  developments,  efficient

protocols  became  available  in order  to selectively  enrich  the human  DNA content  in a

background of e.g. hamster (Lengauer  et al., 1990) or yeast DNA (Nelson et al., 1989;

Lengauer  et al., 1992a).

Rather recently  developed  probe  generations  include  region  specific  probes derived

from microdissected  human  chromosomes  (Lengauer  et al., 199 1; Meltzer  et al., 1992,

Guan et al., 1994)  and probes generated  from cytogenetically  detected  marker

chromosomes, a procedure  termed  “reverse  painting”  (Carter  et al., 1992). Finally, entire

genomes  can be used  as probes (Kallioniemi  et al., 1992; Kallioniemi  et al., 1993;  du

Manoir  et al., 1993; Speicher  et al., 1993,  Schrijck  et al., 1994,  Ried  et al., 1994). In a

comparative  hybridization  format, these  probes  are used to reveal  partial or complete

chromosome gains  and losses  in test genomes, e.g., in DNA extracted  from solid  tumor

cells,

Since  the first report  on in situ  hybridization  protocols  by Gall and Pardue (1969),

FISH has evolved  as a powerful and versatile  experimental  tool  in genetic  research. In

basic  research, FISH contributed  to the understanding  of nuclear  topography, both  of

mammalian  and plant  cells.  The  experimental  evidence,  established  after UV-laser

microirradiation  of interphase  nuclei,  that chromosomes  are organized  as discrete  territories

in the cell nucleus  (Cremer  et al., 1982a,b)  was confirmed  elegantly  using DNA from

hybrid cell  lines  (Manuelidis,  1985; Schardin  et al., 1985)  or cloned  DNA libraries  from

individual  chromosomes as probes  (Cremer et al., 1988; Lichter  et al., 1988a;  Pinkel  et al.,

1988). The  distribution  of chromosome  centromeres  was investigated  by FISH in
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interphase  cells  of tissue  sections  and isolated  nuclei,  and provided evidence  for a non-

random, cell  type specific  arrangement  (Manuelidis,  1984; Amoldus et al., 1989;  Haaf and

S&mid, 1989;  van Dekken et al., 1990; Popp et al., 1990; Arnoldus  et al., 1991; Weimer

et al., 1992). Furthermore, taking  advantage  of confocal  laser scanning  microscopy,

subchromosomal compartments  were  defined  and the distribution  of certain  genes  with

respect  to the chromosome domain  was successfully  investigated  (Spector,  1990,  Spector

et al., 1991;  Zirbel  et al., 1993; Cremer  et al., 1994).  By means  of RNA in situ

hybridization, a distinct  compartmentalization  of transcriptional  mechanisms  was

determined  (Lawrence  et al., 1989; Carter  et al., 1991; Carter  et al., 1993;  Xing et al.,

1993).

Fluorescence  in situ  hybridization  to metaphase  chromosome  preparations  revealed

distinct  structural  features  of the arrangement  of repetitive  DNA sequences,  as well  as-the

nonrandom distribution  of genes  with  respect  to chromosome  bands (Korenberg and

Rykowski,  1988; Chen  and Manuelidis,  1989; Holmquist,  1992).  Chromatin  packaging

models  were assayed by FISH with  DNA clones  for specific  genes  and revealed  a fixed

lateral  position  on metaphase  chromosomes  (Baumgartner  et al., 1991).  Selig  et al. (1992)

used FISH to monitor  replication  timing  in a series  of different  cell types, and mapped  the

replication  timing  topography of the cystic  fibrosis  locus.  Another  study  revealed  an allele-

specific  replication  timing  (Kitsberg  et al., 1993).

FISH to meiotic  chromosomes  of human and mouse  origin  was used to track down

basic  events  in meiosis, such  as nondisjunction  and recombination  (Pieters  et al., 1990;

Guttenbach and Schmid,  1991;  Ashley et al., 1994).

Comparative mapping  studies  with  human  DNA probes  to chromosomes  from great

apes, hylobatids, old  world monkeys and prosimians, established  a molecular  taxonomy.

As yet unidentified  chromosomal  rearrangements  that occured  during  the course of

mammalian  chromosome  evolution  were  delineated  with  high  resolution.  Thus,  entire

karyotypes were  reconstructed  with  chromosome  specific  DNA libraries  and region  specific

DNA probes (Wienberg et al., 1990; Wienberg et al., 1992; Jauch et al., 1992;  Ried  et al.,

1993a).

Based on suppression  hybridization  with  cosmid  and YAC clones  (Landegent et al.,

1987), FISH was introduced  as an important  method  to the international  efforts of the

human  genome  project.  Large  numbers  of DNA clones  could  be mapped  on human

metaphase  and prometaphase  chromosomes  by means  of fractional-length  measurements

(Lichter  et al., 1990a)  or, combined  with  cytogenetic  banding  techniques  @lever  et al.,

1991;  Baldini  and Ward, 1991; Arnold  et al., 1992)  with  respect  to chromosome bands

(Ward et al., 1991; Bellanne-Chantelot  et al., 1992; Cohen  et al., 1993).  The  hybridization
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of low complexity  cDNA  clones  made  it also possible  to rapidly  assess the chromosomal

location  of candidate  disease  genes, and to compare  these  mapping  positions  with  data

from, e.g., genetic  linkage studies  based on pedigree  analysis (tied  et al., 1993c).

The  application  of FISH to problems  in medical  diagnosis are numerous  (for a

review see, e.g., Tkachuk et al., 1991): in clinical  cytogenetics,  FISH analysis is often  a

helpful  adjunct  to chromosome  banding  studies,  and is used to confirm, or in some  cases

even  to allow  to determine  the origin  of marker chromosomes  and to highlight  numerical

and structural aberrations (Jauch et al., 1990;  Popp  et al., 1993).  In general, FISH has the

distinct  advantage that the diagnosis  of numerical  and structural  chromosomal  aberrations  is

not  restricted  to dividing  cells,  i.e., metaphase  chromosomes, but is applicable  during all

stages of the cell cycle,  a feature  termed  interphase  cytogenetics  (Cremer  et al., 1986).

Interphase cytogenetics  has become  an useful diagnostic  tool  in cancer  cytogenetics

(Nederlof et al., 1989; Tkachuk et al., 1990; fied et al., 1992c;  Lengauer  et al., 1992a;

Ried et al., 1993b).  Also,  the  diagnosis  of trisomy  21 is performed in many laboratories on

a routine  basis directly  in interphase  nuclei  (Klinger  et al., 1992; Klever et al., 1992;  Ward

et al., 1993). The high  resolution  of FISH analysis  allows  for a sensitive  visualization  of

even submicroscopical  deletions.  This has implications  for the diagnosis  of constitutional

microdeletion  syndromes (Ledbetter, 1992a), the diagnosis  of carrier  status in X-

chromosomal recessively  inherited  diseases  associated  with  deletions  (Ried  et al., 1990),

and the identification  of deletions  of tumor  suppressor genes  in certain  types  of human

malignancies  (Stilgenbauer  et al., 1993).  Pathogen  based diagnostic  procedures, such  as

the detection  of virus  genomes  in tissue  sections  have  been  reported  (Brigati  et al., 1983).

The development  of biological  dosimeters  for a follow  up and long  term  screening  of

individuals  who were  exposed to radiation,  is an useful  tool  to determine  the effects  of

ionizing  substances,  resulting  in dicentric  chromosomes  and translocations  (Cremer  et al.,

1990;  Popp and Cremer, 1992;  Gray et al., 1992).

1. Methodological introduction to comparative genomic hybridization

WGW

Comparative  genomic  hybridization  is a new molecular  cytogenetic  technique  based on

quantitative  two color  fluorescence  in situ  hybridization  (Kallioniemi  et al., 1992;

Kallioniemi  et al., 1993; du Manoir  et al., 1993). CGH allows, in a single  experiment,  to

detect  genetic  imbalances  in solid  tumors  or any desired  test genome,  and to determine  the

chromosomal map position  of gains and losses  of chromosomes or chromosomal

subregions  on normal  reference  metaphase  preparations.  Total  genomic  DNA from a tumor
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specimen  is isolated  following standard  procedures.  A reference, or control  DNA is

isolated  from an individual  with  a normal  karyotype (46,Xx  or 46,XY). DNA extracted

from non-involved tissue  of a tumor  patient  can be used  as well  as reference DNA. The  two

genomes are labeled  differentially with  reporter molecules  (e.g., biotin-dUTP  for the tumor

genome, and digoxigenin-dUTP for the reference  genome)  in a standard nick  translation

reaction.  The so labeled  genomes  are then  pooled  and hybridized  to reference  human

metaphase spreads (46,XY). In order to reduce  the cross  hybridization  of highly  repetitive

sequences  present in both  genomes,  an excess  of unlabeled  Cotl-fraction  of human DNA is

included  in the hybridization  mixture.  This step  is necessary  because the high  hybridization

kinetics  of repetitive  DNA might  impair  the evaluation  of the single  copy sequences  that are

over- or underrepresented  in the tumor genome.  In a subsequent  step,  the hybridized

probes (genomes)  are visualized  with  different  fluorochromes  (e.g. avidin-FITC, green

fluorescence, for the biotinylated  tumor  genome  and anti-digoxigenin  coupled  to

rhodamine, red fluorescence, for the reference  genome). The differences  in fluorescence

intensities  along  the chromosomes on the reference  metaphase  spread reflect  the copy

number of corresponding sequences  in the tumor  DNA. If chromosomes or chromosomal

subregions are present in identical  copy  numbers  in both,  the reference  and the tumor

genome, the observed fluorescence  is a blend  of an equal  contribution  of red and green

fluorescence. If chromosomes are lost or chromosomal  subregions deleted  in the tumor

genome, the resulting  color is shifted  to red.  A gain  of a certain  chromosome  in the tumor

would be reflected  by a more  intense  green  staining  on the respective  chromosome in the

reference  metaphase  preparation.  Increased  supernumerary, e.g. local  DNA amplification

results in green  signals  of similar  shape  and intensity  as single  copy  probes, e.g., YAC

clones.

In many instances,  gross chromosomal aberrations  in tumor genomes,  such  as high

level  DNA amplifications,  are visible  directly  in the fluorescence  microscope.  However,  a

quantitative  measurement  of fluorescence  intensity  values  based on digital  image analysis is

crucial  for a precise  CGH analysis of low copy  number  changes. This  analysis includes

image  acquisition  of the rhodamine  and FITC fluorescence  with  a CCD camera. Using

custom computer  software, the painted  chromosomes  are then segmentated  and the

fluorescence  values  determined  perpendicular  to the axis of the chromosome  on a pixel  to

pixel  basis. The result of the measurement  of the fluorescence  values  can now be visualized

by means  of a look  up table  where  certain  colors  refer to gains  or losses in the tumor

genome.  The final  step in a quantitative  fluorescence  measurement  includes  the calculation

of average ratio profiles  along  the chromosomal  axis based on data from at least  5

metaphase  spreads. Values  of 1 indicate  equal  copy numbers  of the respective
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chromosomes in the tumor  and test genome,  a ratio of 0.5 a deletion  of one  homologous

chromosome and ratios of 1.5 reflect  a trisomy  in the tumor.  Gene  amplifications  can be

mapped  to reference  metaphase  chromosomes  according  to peak fluorescence  ratios  of

more than 2.5. For a detailed  description  of the CGH-software  the reader  is referred to du

Manoir et al., (1995).

The  validity  of CGH to delineate  complex  genetic  changes  in solid  tumors  has been

investigated in several  studies.  Using  a cell  line  established  from a renal  cell  carcinoma,  the

results from karyotype analysis were  compared  with  CGH. All chromosomal  aberrations

detected  after karyotyping could  be confiied  after the CGH analysis (Du Manoir  et al.,

1993).  Another, independent  study  to verify the results  of CGH analysis was described  by

S&rock et al. (1994)  with  a series  of human  gliomas.  In this  sample  collection,  banding

was often  impossible  due to inferior  spreading  of the metaphase  chromosomes and the

frequent observation  of DM chromosomes.  By means  of interphase  cytogenetics  with  YAC

clones  for chromosomal subregions  that revealed  gains  and losses  after CGH, the presence

of all imbalances  could  be confirmed  in interphase  nuclei  prepared  from tissue  sections,

i.e., ratios of 1.5 after CGH were in accordance  with  three  signals  in interphase  nuclei.  In

addition,  a DNA amplification  that was mapped  to chromosome  4 by CGH, was shown to

be present in DM chromosomes  of this  tumor  after FISH with  a chromosome  4 specific

DNA library to metaphase chromosome  preparations.  Also,  the amplification  of the EGFR-

gene  determined  by DNA fingerprint  analysis  resulted  in peak fluorescence  values  on

chromosomal map position  7~12, known to harbor the gene  encoding  this growth factor

receptor.

One of the distinct  advantages  of CGH is the fact that tumor  DNA is the only

requirement  for this  molecular  cytogenetic  analysis. Thus,  archived,  formalin  fixed and

paraffin embedded  tissue  can be used  as well  (Speicher  et al., 1993).  This allows  to

establish  a correlation  of the microscopic  phenotype  and the genotype  in solid  tumors

(Speicher  et al., 1995).  In combination  with  microdissection  of distinct  areas on

microscopically defined  tissue  sections,  CGH offers a new experimental  approach  to study

chromosomal aberrations  that occur  during  solid  tumor  progression (e.g., Ried  et al.,

.1995; Schrijck  et al., 1996;  Ried  et al., 1996; Heselmeyer et al., 1996).
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2. Introduction to spectral imaging and spectral karyotyping (SKY)

With  all the advantages and the particular  elegance  of comparative  genomic  hybridization

one  should not overlook its limitations. CGH allows  one to identify  only  those

chromosomal aberrations  that  result  in DNA copy  number  changes. For instance, a

chromosomal aberration  such as the Philadelphia  chromosome  -arguably an important  event

in the transformation of hematological  cells  of myeloid  origin,  would remain  undetected  by

CGH. Also, the chromosomal  mechanisms  by which  individual  cells  generate  copy

number changes, e.g., duplications, isochromosome formations, dmins, hsr’s, and others,

remain  elusive. And lastly, at the present  stage of technology  development,  CGH

generates  an average  of the most  common  aberrations  in tumor  genomes, disregarding

important  features  such  as clonal  heterogeneity,  which  provides tumors with the genetic

diversity to react  more  flexibly  to environmental  changes. FISH, using the plethora  of

available  probe  sets is an important  technique  to analyze  chromosomal  aberrations  on a

single  cell  level. However,  a targeted  analysis  of, e.g., the deletion  status of a tumor

suppressor  gene, leaves  the rest  of the genome  unanalyzed.  Therefore, the cytogeneticist

would like  to add to the methodological  spectrum  an approach  that allows  to visualize  all

human chromosomes  in different colors.  The goal to increase  the number of chromosomal

targets that can be discerned  simultaneously,  i.e., the multiplicity  of FISH experiments  has

long  been  perceived  (Nederlof et al., 1990; Ried  et al., 1992). The scarcity  of suitable

probe  labeling  and fluorescence  detection  formats, however, makes  this a non-trivial  task.

This  is mainly  due to the nature  of the fluorochromes  itself.  In many instances, the

emission spectra  of fluorochromes  overlap. Therefore  it is difficult  to discern  an ever

increasing  number of fluorochromes  using  conventional,  fluorochrome  specific  optical

filters,  and color karyotyping was not possible  until  recently  when  Speicher  and colleagues

reported  the FISH-based  discernment  of all human  chromosome  using sequential

exposures with 6 different  optical  filters (Speicher  et al., 1996).  We have  developed  a

novel  approach  for the visualization  of FISH experiments. In strong  contrast to

conventional  epifluorescence  filter  technology,  we have explored  the possibility  of using

spectral  imaging  to distinguish  multiple  and overlapping  fluorochromes  simultaneously,

and hence  achieved  the goal of color  karyotyping  human  (and  other  species)  chromosomes

(Schrdck et al., 1996;  Liyanage et al., 1996).

10



Methodology

Spectral  imaging refers to a novel  imaging  technique  for the analysis of FISH experiments

(S&rock et al., 1996). The application  to karyotype analysis is termed  spectral

karyotyping (SKY) and is based on spectral  imaging  (Malik et al., 1996; Garini  et al.,

1996). Spectral  imaging, as the terminology  suggests, combines  spectroscopy  and

imaging. In dramatic  contrast  to conventional  epifluorescence  microscopy  in which

fluorochrome  discrimination  is based on the measurement  of a single  intensity  through a

fluorochrome  specific  optical  filter,  spectral  imaging  allows  to measure  and analyze  the full

spectrum  of light  at all pixels  of the image.  The light  emitted  from each  point  of the sample

is collected  with  me microscope  objective  and sent  to a collimating  lens  (the system can also

be attached  to any other  optics  like  a telescope  or a simple  lens). The  collimated  light

travels  through  a Sagnac interferometer  and is focused  on a CCD. The data is collected  and

processed with a personal  computer.  The  heart  of a spectral  imaging  system consists of an

optical  dispersion element  that allows  measurement  of the full spectrum  for each  pixel

(Malik et al., 1996).

The  spectral  imaging  system is based on the SD 200 SpectraCube-technology. The

approach described  here  is based on Fourier spectroscopy  (Bell,  1972). This  method

offers several advantages compared  to other  methods  for spectral  imaging,  such  as accusto-

optical  tunable  filters. Most  importantly,  the spectral  imaging  system has a high  optical

throughput, high  (and  variable)  spectral  resolution,  a broad spectral  band-width, and it is

independent  on polarization.

Measuring  the full  spectrum  for each pixel  has major  advantages  over

measurements  of one  or few gray level  images  through  specific  filter  cubes. The  most

important  advantages  are:

- Emission spectra  of all fluorochromes  are measured  in a single  exposure. Consequently,

image  registration  problems  do not exist,  and all information  is contained  in one

spectral  image.

- Distinction  of fluorochromes  with  overlapping  emission  spectra  even  if spectral  shifts  are

subtle.

- The  analysis is not based on absolute  intensities  not sensitive  to changes  of the intensity

of one  or few of the fluorochromes. Although  this information  exists  in the spectral

image, the analysis is based only  on differences  in spectral  shapes  of the different

fluorochromes.

11



- The measurement  of the entire  spectrum  allows  to readily  change  a set of dyes. This

provides  flexibility  to integrate  new fluorescence  dyes.

- Background fluorescence  can be precisely  measured, and, therefore, subtracted.  This

increases  the accuracy of fluorochrome  (and therefore  chromosome)  identification.

- Autofluorescence  of biological  structures  can be identified  and subtracted,  because, in

general, the  spectrum should  be different from the  signal’s  spectrum.

The application  of spectral  imaging  to the field  of cytogenetic  research and

diagnostics is termed  spectral  karyotyping,  or SKY. In the following  we will  describe

some  of these  applications  to chromosome  analysis  both  in human  malignancies  as well  as

in animal  models  of certain  tumors, and we will  try to paint  a picture  on how cytogenetic

diagnostics  might be performed in the near future.

Application of spectral karyotyping

Spectral  karyotyping of human  chromosomes  is based on the simultaneous  hybridization of

a 24 chromosome specific  probe  pool.  Chromosome  specific  probe  pools,  or chromosome

painting probes,  can be generated  from flow-sorted human  chromosomes (Telenius  et al.,

1992)  or by chromosome  microdissection  (Guan et al., 1994). In order to produce  a

chromosome specific  spectrnm  after hybridization,  each chromosome  library  was labeled

either  with a single  fluorochrome  or with  specific  combinations  of two or three

fluorochromes, allowing  us to increase  the number  of discernible  targets  beyond the

number of fluorochromes  that are suitable  for DNA-labeling.  Using combinatorial  labeling

with five  different fluorochromes, 31 different  targets  can be distinguished. The

hybridization  was visualized  using spectral  imaging  through  a single  optical  filter  that

allowed  for the excitation  of all fluorochromes, and the measurement  of their  emission

spectra  without  the need  to change  from one fluorochrome  specific  optical  filter  to another.

The  applications  of SKY to visualize  chromosomal  aberrations  involved  in human  diseases

are manifold.  Chromosome  banding  based  karyotype analysis  is routinely  performed in the

prenatal  and postnatal  cytogenetic  laboratory.  The benefits  of SKY in this  field  include  (i)

the identification  of subtle  chromosomal  aberrations  such  as the translocation  of telomeric

chromatin  that is difficult  to detect  using banding  alone  and (ii) the identification  of small

markers that remain  elusive  after banding. In a recently  conducted  study  of cases with

unidentified  constitutional  chromosome  abnormalities  SKY was able to refine  karyotype

interpretation  in the majority  of the cases (S&rock  et al., in press). SKY, in combination
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with  chromosome banding  analysis  might  also enable  the automation  of karyotype analysis

in the clinical  cytogenetic  laboratory  where  the majority  of the karyotypes am actually

normal. However,  the need  to complement  karyotype analysis with  SKY is even  more

obvious  in tumor cytogenetics.  This  is due to certain,  characteristic  features  of metaphase

chromosomes from malignant  cells. In many  instances  the mitotic  index  is low.  As a

consequence, the few cells  that  are available  would preferably be analyzed  as

comprehensively  as possible. Also, tumor  metaphase  preparations, in particular  those

established  from solid  tumors  and lymphomas  are often  of poor quality  which precludes

high  resolution  banding  analysis. The  matter  becomes  even  more  complicated  because

tumor karyotypes are often  highly  rearranged. This shuffling of chromosomal segments

makes it extremely  difficult  to identify  the origin  of translocated  chromatin  because  the

sequence of chromosomal bands  is obscured.  This  problem  could  be overcome  by adding

color  information  that unambiguously  identifies  the origin  of rearranged chromosomal

material. Indeed,  it has been  shown  that the combination  of banding  and SKY allows  one

to identify  marker chromosomes and also chromosomal  breakpoints  with  higher  accuracy

than in the  past (Veldman et al., 1997). Lastly, SKY was successfully used to characterize

chromosomal  structures  such  as dmin’s,  hsr’s, and other  cytogenetic  reflections  of

oncogene  amplification  whose  origin  could  not be deduced  by banding  methods.
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